Adolescence is a developmental period associated with an increase in impulsivity. Impulsivity is a multidimensional construct, and in this study we focus on one of the underlying components: impatience. Impatience can result from (i) disregard of future outcomes and/or (ii) oversensitivity to immediate rewards, but it is not known which of these evaluative processes underlie developmental changes. To distinguish between these two causes, we investigated developmental changes in the structural and functional connectivity of different frontostriatal tracts. We report that adolescents were more impatient on an intertemporal choice task and reported less future orientation, but not more present hedonism, than young adults. Developmental increases in structural connectivity strength in the right dorsolateral prefrontal tract were related to increased negative functional coupling with the striatum and an age-related decrease in discount rates. Our results suggest that mainly increased control, and the integration of future-oriented thought, drives the reduction in impatience across adolescence.
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adolescence | connectivity | impatience | delay discounting | DTI A dolescence stands out as a particularly interesting developmental period because impulsivity seems to be greater at this age than during childhood or adulthood (1) . This increased impulsivity is a part of healthy development and is thought to be crucial for the acquisition of skills needed for adult life (2, 3) . However, increased impulsivity during adolescence also leads to unhealthy outcomes. For instance, compared with both children and adults, more teens need emergency department services secondary to accidents or experimenting with drugs or alcohol (4) . Accidents are also the main reason for the increased mortality rate associated with adolescence (5) . Certainly, an important contributor to the increase in negative outcomes is the increased access to risky situations (e.g., cars, alcohol, drugs, sexual activity) and decrease in parental oversight (6, 7) . Nonetheless, impulsive behavior is elevated during this critical developmental period, highlighting the need to better understand the psychological and neural processes whose maturation across adolescence underlie these changes.
When investigating impulsivity it is important to recognize that it is a multidimensional construct. Impulsivity can be broken down into at least three independent components: acting without thinking, impatience, and sensation/novelty seeking (6, 8, 9) . Importantly, each of these three components shows significant developmental trends across adolescence and each has been independently associated with self-reported risky behavior. For instance, research indicates that impatience is related to increased adolescent substance use and risk-taking (10) (11) (12) (13) . This study focuses on developmental changes in the construct of impatience.
Intertemporal choice paradigms have proven to be an effective tool for quantifying impatience. Numerous studies have shown that rates of delay discounting measured in these tasks decline with age and are correlated with adolescent academic success (14) , substance use (15) , conduct disorder (16) , and a range of developmental disorders, including attention deficit hyperactivity disorder (ADHD) (17) . Research suggests that multiple cognitive and neural processes underlie delay discounting (18) (19) (20) . On the one hand, more impatient behavior can result from oversensitivity to immediate rewards (21) . For example, there are several studies that show that people are more impatient when an immediate option is present compared with when both options are in the future (22) . In addition, Luo et al. (23) showed that striatal activity is greater when participants are presented with immediate rewards versus preference-matched delayed rewards. On the other hand, more patient behavior may result from control processes that bias attention away from immediate rewards and/or emphasize the importance of future goals (24, 25) . There are several studies that show that individual differences in future orientation are associated with more patient choices (1, 21, 26) . Explicitly instructed future orientation leads to (i) withinsubject reduction in discount rates (27) (28) (29) and (ii) increased activity in the brain's executive control network (30) . Because there are (at least) two possible routes to greater or lesser impulsivity, it is challenging to determine how specific processes contribute to developmental differences by studying behavior alone. Here, we leverage our knowledge of the neural correlates of delay discounting to gain a deeper understanding of developmental changes in impatience.
Neuroimaging studies have consistently shown that delay discounting recruits corticostriatal circuitry (19) . Generally, striatal circuits are divided into two networks: a ventral valuation network that is involved in representing the incentive value of the different options, and a dorsal control network that is involved in maintaining future goals and inhibiting prepotent responses (18, 24) . Important nodes in the valuation network include regions
Significance
Compared with children and adults, teens and young adults often exhibit greater impulsivity and corresponding increases in emergency room visits, accidents from drug or alcohol use, and increased mortality risk. However, it remains poorly understood how increased impulsivity during adolescence may be explained in terms of brain and cognitive development. We focused on impatience, a central component of impulsiveness. We relate impatient behavior on a decision-making task to changes in connectivity within the brain's frontostriatal circuitry. Our results suggest that relative future orientation, not sensitivity to immediate rewards, determines adolescent impatience. These findings may help to design interventions to prevent the detrimental effects of adolescent impulsiveness and serve as a template for understanding neurodevelopmental disorders. associated with the mesolimbic dopamine system, particularly the ventral striatum, amygdala, and ventromedial prefrontal cortex. The control network includes the dorsal striatum, dorsal anterior cingulate cortex (dACC), dorsal and ventral lateral prefrontal cortex (dlPFC/vlPFC), and the posterior parietal cortex (19) . Recent studies have shown that discount rates are not only associated with regional changes within the valuation and control networks, but also depend on the strength of connections within and between these networks (31) . For instance, we recently showed that frontostriatal tracts predicted decreased delay discounting, whereas subcorticostriatal tracts predicted increased delay discounting in adults (21) .
Neurodevelopmental models hypothesize that the different rates of maturation of the valuation and control networks account for increased impulsivity in adolescence. These models propose that there is a relatively early developing valuation system during adolescence, followed by a more slowly maturing cognitive control system (32, 33) . Indications of the early development of the valuation system include increases in striatal dopamine levels, dopamine receptor availability, and blood oxygen level-dependent (BOLD) activity related to rewarding stimuli in early adolescence (34, 35) (but see refs. 36 and 37). In addition, many functional imaging studies, using tasks that require cognitive control, have shown increased engagement of lateral prefrontal areas across adolescence (38) (39) (40) . These results raise the question of whether adolescents are impulsive because they are (i) more sensitive to immediate rewards, (ii) less capable of relying on the prefrontal cortex for self-control and future orientation, or (iii) both.
The current study was designed to investigate the processes underlying impatient behavior during the transition in and out of adolescence, and to determine how these behavioral changes relate to developmental changes in the structure and function of striatal circuits. We investigated developmental changes in behavior and brain in using a delay-discounting task. In addition, we used the Zimbardo Time Perspective Index (ZTPI) (41) to measure developmental changes in psychological components of impatient behavior-specifically, present hedonism (sensitivity to immediate rewards) and future orientation (control processes). Next, we used diffusion tensor imaging (DTI) to characterize different striatal tracts and their connectivity strength (42) (43) (44) (45) . Finally, we explored the structure-function relationship within structurally defined striatal tracts by performing psychophysiological interaction (PPI) analyses of functional magnetic resonance imaging (fMRI) data collected during the delay-discounting task (Fig. 1A) . This multimodal developmental MRI study affords a unique perspective on normative development of impulsive behavior.
Results
Age, Temporal Discounting, and Future Orientation. To identify developmental trends across adolescence, we tested 50 participants (26 females) between the ages 8 and 25 y of age [mean (M) = 16.76; SD = 4.55]. Over this age range, maturation of brain systems may be (i) linear with respect to participants' ages; (ii) quadratic, with functioning peaking in midadolescence; or (iii) asymptotic, in the sense that changes occur between childhood and adolescence but stabilize in early adulthood (Fig. 1B) . Robust linear regressions were used to take outliers into account when testing for each of these possible effects. Given that these developmental trends share variance, we did not use a single statistical model that included all three regressors. Instead, we performed independent linear regressions that incorporated one of the three age regressors and all independently significant age trends are reported (cf. ref. 46 ). In addition, we used Bayesian model comparison (Akaike information criterion and Bayesian information criterion) when analyses revealed multiple significant fits to provide some indication of the relative quality of the statistical models given the data.
Intertemporal preferences were assayed in two ways. First, we asked people to indicate their preferences between pairs of smaller, sooner (SS) and larger, later (LL) payments. Participants performed this task before and during fMRI scan acquisitions. The prescanner session was used to generate an estimate of each individual's discount rate (k), assuming a hyperbolic discount function, which was used to generate a subset of the decision problems for the scanner task. The experiment was incentive compatible; from both experiments, one choice was selected and paid after the experiment.
Given the high correlation between estimated discount rates between the prescanner and within-scanner tasks (r = 0.84, P < 0.001), we used the aggregate discount rate across both tasks (fitting all choices at the same time) as the individual difference measure of delay discounting. We used the log-transformed Fig. 1 . (A) Participants made choices between smaller, sooner (SS) and larger, later rewards (LL) in the delay-discounting task. Participants were required to choose between both immediate and delayed rewards and between two delayed rewards. (B) Behavioral measures were analyzed for three potential dependencies on age: linear increase (mean centered), adolescent peak (i.e., linear increase 2 ), and adolescent emerging (i.e., adolescent peak × mean centered linear increase). (C) Discount rates estimated from the delay-discounting task were smaller with age across adolescence. (D) This change in delay discounting was reflected in an increase in future orientation but not present hedonism in the ZTPI. (E) Specifically, delay discount rates were not significantly correlated with measures of present hedonism, but were negatively correlated with self-reported future orientation. All age-related plots show the best-fitting age trend model in black, with shadowed error bars indicating SEM. discount rates in all analyses because the distribution of estimated discount rates (k) was nonnormal (Shapiro-Wilk W = 0.83, P < 0.001). Discount rates varied by an order of magnitude across our study participants (k min = 0.002 and k max = 0.19). It is important to note that the quality of the hyperbolic model fits (i.e., bestfitting log-likelihood values) did not vary with age [all three (linear, peak, and emerging trends) values of P > 0.38)]. Additionally, there was no significant relationship between age and the estimated inverse temperature parameter (m; all three values of P > 0.24). The inverse temperature is a free parameter in the choice model that represents response noise. The choice function assumed that each individual will choose the option with the highest subjective value (which in many cases could be SS choice) with highest probability. Inconsistency in choices is captured by the inverse temperature parameter (see Materials and Methods for more details). That we did not find a relation between age and this parameter indicates that behavioral differences are not due to differences in choice variability. Also note that choice variability was not correlated with the discount rate k (r = 0.11, P = 0.34).
Our analyses revealed significant linear and asymptotic age effects in delay discount rates (k; linear: r = 0.46, P < 0.001; asymptotic: r = 0.48, P < 0.001; Fig. 1C ). Thus, consistent with earlier studies (1, 47, 48) , there was a decline in impatience across adolescence among our subjects. Bayesian model comparisons indicated that an asymptotic developmental trajectory with an accelerated decline in impulsive choices in early adolescence provided the best description of changes in discount rates with age (Table S1 ).
Finally, we tested for developmental changes in two subscales of the ZTPI relevant to our study: present hedonism and future orientation. In an earlier study (21) , we found that present hedonism and future orientation independently predicted individual differences in discount rates of an adult population. For the current dataset, we found an increase in reported future orientation with age (linear: r = 0.42, P < 0.005; asymptotic: r = 0.44, P < 0.004; Fig. 1D ). However, we did not find any age-related change in present hedonism (all three values of P > 0.45). Furthermore, we found that those participants who showed increased future orientation also made more patient choices in the intertemporal choice task (r = −0.42, P < 0.005; Fig. 1E ). There was no relationship between present hedonism and discount rates (r = 0.22, P = 0.17; Fig. 1E ). However, in line with our previous findings (21), we found that there was a significant relationship between individual differences in present hedonism and discounting when controlling for age (r = 0.29, P < 0.05).
Taken together, these results provide support for a cognitive control account of the development of temporal discounting. Control is believed to be specifically necessary for consideration of prospective future outcomes (29) , and it is future orientation that appears to underlie age-related changes in impatience.
Imaging Analyses. Our next aim was to identify the relationship between frontostriatal circuitry and the developmental decrease in temporal discounting. We did this by way of a multistage, multimodal analysis. First, we determined the anatomical organization of the human striatum based on structural connectivity patterns. Next, based on an anatomical segmentation of the striatum, we mapped the developmental changes in the striatal tracts, and further specified tracts of interest (TOIs) using correlations between structural connectivity measures and delay discount rates. Finally, we hypothesized that the relationship between structural connectivity and impulsivity would be associated with changes in functional coupling. We therefore tested for changes in functional connectivity (PPIs) between the regions of interest (ROIs) that were associated with the TOIs in the structural analyses.
Structural Organization of Striatum Across Development. We began by determining the anatomical organization of the human striatum on the basis of the relative strength of white matter fiber connections from cortical and subcortical seed regions by applying a classification procedure to label each voxel in the striatum according to the target structure to which the voxel was most likely connected (42) (43) (44) (45) . To assess connectivity with extrastriatal regions, we used a set of 10 a priori target regions of interest ( Fig.  2A) . Consistent with the frontostriatal circuits previously identified in primates and other human diffusion MRI studies, this procedure resulted in individual segmentation maps with a ventromedial-to-dorsolateral gradient that was organized in bands of similar connectivity to subcortical and cortical regions ( Fig. 2B and Fig. S1 ).
To arithmetically assess the intersubject spatial consistency of the striatal segments, we calculated the DICE coefficient, which measures the volume overlap of striatal subdivisions across subjects. The DICE values obtained for all striatal segments were high and satisfactory (between 0.32 and 0.59), except for the supplementary motor area (SMA) and posterior cingulate cortex (PCC) (DICE < 0.05; Table S2 ).
Structural Connectivity Analyses. To test whether developmental differences in discounting were related to the strength of white matter fiber tracts, we calculated the mean value of the tract probability within each striatal segment; we refer to this quantity as connectivity strength hereafter (cf. ref. 21 ). Data for the medial frontal target areas [medial orbitofrontal cortex (mOFC), ACC, and dACC], the hippocampus, and the amygdala, were averaged across hemispheres. Effects were considered significant at a Bonferroni-corrected α of 4.545 × 10 −3 (i.e., P = 0.05 ÷ 11 tracts). First, we tested for monotonic trends in the relationship between tract strength and age. We found that all tracts showed an increase in connectivity strength with age, except for the mOFC, the left vlPFC, and the hippocampus ( Fig. 2C and Table S3 ). In addition, a linear age-related increase best described the data for all of the tracts except for the right vlPFC, which was best fit by the asymptotic trend.
We next aimed to determine which frontostriatal tracts were related to changes in delay discounting. First, we identified the tracts that were correlated with delay discount rates. Consistent with our previous findings (21), discount rates (log k) were negatively correlated with tract strength between medial striatum and the right dlPFC (r = −0.47, P < 0.001; Fig. 3 and Table 1 ). Stated a different way, participants with greater medial striatum-right dlPFC tract strength showed less impulsive behavior (smaller discount rates). Similar trends were found for the right (r = −0.48, P = 0.007) and left (r = −0.37, P = 0.049) vlPFC. It is notable that, in contrast with our previous results (21), we did not find that increased connectivity with the amygdala was associated with increased impulsiveness (r = 0.26, P < 0.11). However, the relationship between individual differences in amygdala tract strength and impulsivity may be masked by the overall developmental decrease in discounting and increase in striatum-amygdala tract strength. Indeed, amygdala tract strength was positively correlated with discount rates when controlling for age (r = 0.65, P < 0.001). Taken together, these results suggest that the development of the striatal connections with the lateral prefrontal cortex, particularly the right dlPFC, plays a role in age-related decrease in impulsivity.
Functional Analyses. For analysis of fMRI data during delay discounting, we first identified brain areas that were more greatly activated for choices when subjects chose LL rewards compared with when they chose SS rewards (while controlling for choice conflict (Fig. 4A) . We did not find any significant responses for the opposite (SS -LL) contrast.
We next tested whether choice-related differences in brain activity varied with age among our subjects. As with the anatomical connectivity analyses, we used three age trend regressors to test for possible age dependence. The linear decreasing and the asymptotic trend yielded highly overlapping whole-brain statistical maps, and showed age-related changes in right medial striatum (MNI: 12 Although these age trends in local activation follow a similar pattern to the age-related decline in discounting, these measures were not correlated across subjects (r = 0.18, P = 0.16). Together, these results are consistent with a recent large-scale study on adolescent discounting (49) , which showed that, although the adolescents valued the same objective monetary rewards more than adults, this did not explain their increased impatient behavior on the intertemporal choice task.
Interestingly, the right medial striatum region overlapped with the striatal segment that we identified in the structural analyses to be connected with the dlPFC. To further quantify the agerelated trends in this striatal region, we performed a post hoc Fig. 3 . Corticostriatal tract likelihoods were tested for correlation with delay discount rates (log k) separately for all ROIs. Tract strength between the striatum and different regions in lateral prefrontal cortex were negatively correlated with delay discount rates. Significant codes: **P < 4.545 × 10 −3 (i.e., Bonferonni-corrected threshold); *P < 10 −2 . ANOVA ROI analysis, which indicated that there was an overall reduction of striatal activity with age (F = 6.26, P < 0.015). More specifically, this age-related reduction was mainly driven by decreased medial striatal activity when subjects chose LL rewards (F = 7.13, P < 0.009; Fig. 4C ), not SS rewards (F = 2.13, P = 0.14).
To investigate functional coupling of the prefrontal regions with the striatum, we used the functionally determined cortical ROIs together with the corresponding striatal segments derived from the structural analyses. These analyses revealed that the right dlPFC, but not the right vlPFC, showed a significant change in connectivity with the medial striatum during the decision period versus baseline [t (47) = −7.321, P < 0.001, and t (47) = −0.92, P = 0.83, respectively]. That is, there was increased negative coupling between the right dlPFC and the medial striatum during the decision phase of the delay-discounting task. More importantly, the negative coupling between the right dlPFC and the medial striatum was greater for choices of LL versus SS rewards [t (47) = 6.63, P < 0.001; Fig. 4D ]. This suggests that the increased right dlPFC activity during LL choices is associated with reduced medial striatal activity, which is consistent with the ROI analyses.
Finally, the difference in dlPFC-striatal functional connectivity between LL and SS trials correlated with structural connectivity (r = 0.42, P < 0.004; Fig. 4E ), and discount rates (r = 0.41, P < 0.005; Fig. 4F ). Taken together, these findings suggest that (i) the more patient participants showed increased negative coupling between right dlPFC and the medial striatum when choosing LL compared with when choosing SS rewards, and (ii) these participants also had stronger structural connectivity between the right dlPFC and the medial striatum.
Structural and Functional Development and Discounting. One interpretation of the current set of results is that the striatal tracts develop with age, leading to changes in structural and functional connectivity of the frontostriatal networks involved in intertemporal decision making. Specifically, increased structural connectivity may allow for increased negative coupling between the right dlPFC and the medial striatum, which in turn may facilitate choices of LL over SS rewards. As such, the development of the dlPFC tract may contribute to the decrease in impulsive behavior that emerges across adolescence.
We explored this hypothesis more formally using a conditional processes analysis. We generated a serial mediator model that tries to capture the relation between age and discounting with two sequential mediators: structural and functional connectivity with the right dlPFC (Fig. 5) . To test this mediation hypothesis, we used an ordinary least-square path analysis as implemented in Hayes' PROCESS algorithm (50) . The 95% confidence interval around the indirect path was entirely above zero (0.05, 0.22). As such, the mediation analysis supports the hypotheses that an increase in dlPFC-medial striatum tract integrity with age leads to increased negative functional coupling between dlPFC and the medial striatum during LL versus SS choices, which finally leads to less impulsive decision making.
Specificity Analyses. Finally, we performed several analyses to determine whether our results were selective with respect to another critical impulse control measure: response inhibition as assayed using the stop signal reaction time (SSRT) (50) . It is known that there are improvements in SSRTs across adolescence (51, 52) , but also that behavior on this task is dependent on distinct neural pathways [i.e., inferior frontal gyrus (IFG)] from those involved in delay discounting. Consistent with previous findings, we found that SSRT decreased with age (linear: r = 0.55, P < 0.001; asymptotic: r = 0.58, P < 0.001; Fig. S2 ). However, there was no significant relation between SSRT and delay discounting in our data (log k, r = 0.25, P = 0.23). Consistent with several studies (53), there was a significant correlation between SSRT and right IFG-striatum tract strength (r = −0.31, P = 0.045) but, importantly, not with structural and functional connectivity of the right dlPFC-striatum (r = −0.15, P = 0.33, and r = 0.06, P = 0.66, respectively; Fig. S2 ). In sum, these analyses suggest that the structural development of the right dlPFC striatal tract is specifically related to the processes involved in delay discounting (impatience) but not motor inhibition.
Discussion
Adolescence is a period strongly associated with impulsive behavior. Neurodevelopmental models (32, 33) have suggested that this may result from distinct developmental processes within the frontostriatal network, including (i) early maturation of the limbic system associated with increased appetitive behavior and preference for proximate rewards (34) , and (ii) protracted development of the frontal cortex and frontostriatal connections, which are associated with the ability to regulate and control behavior (54) . Similarly, neurocognitive models of delay discounting have posited a central role for separate components of Fig. 4. (A) A whole-brain analysis of fMRI data was conducted to identify regions that were more activated when participants selected larger, later (LL) relative to smaller, sooner (SS) rewards (threshold at P < 0.05, FWE corrected). (B) A separate analysis was conducted to identify brain regions where activity depended on choice outcome (LL-SS) while accounting for possible age dependencies in responses (threshold at P < 0.05, FWE corrected). (C) Responses in the anterior medial striatum show that choicerelated differences in brain activity were evident in older but not younger participants. (D) This age dependence in responses was reflected in functional connectivity between right dlPFC, right vlPFC, and their corresponding striatal segments. For each region, we plotted the change in functional connectivity for each choice type compared with baseline. (E) The negative functional connectivity between dlPFC and striatum was correlated with DTIderived structural connectivity. (F) The changed in choice-related function connectivity was further related to estimated delay discount rates (log k). the frontostriatal network (18, 19, 21) . The goal of the present study was to elucidate the role of specific processes related to developmental decreases in impatience.
There are three main contributions stemming from the results of this study. (i) Our behavioral and imaging results suggest that it is mainly increased control, not sensitivity to immediate rewards, that drives developmental reductions in impatience. (ii) This developmental decrease is related to increased future orientation and is accompanied by specific changes in functional and anatomical connectivity in medial striatal tracts connecting with dlPFC. (iii) Finally, because of our multimodal approach, we are able to integrate (up until now) isolated findings from functional and structural developmental neuroimaging studies.
In line with previous studies, we observed a decrease in discounting across adolescence. The nonlinear developmental trend suggests that impatient behavior peaks in early adolescence (1) . Furthermore, we found that future orientation increased with age and was correlated with developmental decreases in discounting. However, we found no developmental differences in present hedonism or the immediacy effect. These latter measures also did not predict developmental differences in discounting. Taken together, these findings suggest a fundamental role for goal-oriented cognitive control processes in the developmental reduction in impatience, at least as assessed with intertemporal decision making. This interpretation is jointly supported by structural and functional imaging data.
In agreement with previous literature, we found that age was associated with an increase in structural connectivity strength in most of the identified striatal tracts (55) . More interestingly, consistent with our previous results, increased strength of the medial striatum-dlPFC tract was selectively associated with a decrease in impatient behavior. In the context of development, changes in tract strength are believed to derive from myelination of prefrontal fibers, as histological measures demonstrate that this process extends into late adolescence (56) . However, several structural properties may also contribute to tract likelihood, including myelination, axon caliber, axonal density, and membrane permeability (57) . Regardless, given that most of these properties positively influence the flow of neuronal information (58) , it can be assumed that developmental changes in structural connectivity provide information about the functional effectiveness of axonal connections.
Consistent with this interpretation, our results showed that developmental differences in structural connectivity are associated with changes in functional connectivity. That is, structural connectivity was related to increased negative functional coupling between the right dlPFC and the striatum when choosing LL versus SS rewards. These results support the hypothesis that increased efficiency in the inhibitory interaction between dlPFC and striatum is important for the development of intertemporal decision making. Of course, both probabilistic tractography and PPI are in principle unable to resolve the direction of connectivity. However, based on animal tracing studies, it is likely that the tracts between the striatum and prefrontal regions are afferent (i.e., providing input to the striatum) (58), suggesting the hypothesis that the reduction in impatience is due to top-down control. However, this hypothesis needs further testing, for instance, by using dynamic causal modeling to infer directionality (59) .
Our results are consistent with the study by Christakou et al. (60) that found developmental increases in dlPFC engagement in an intertemporal choice task with hypothetical outcomes, and Olson et al. (61) , who reported that developmental changes in prefrontal local (voxel-level) fractional anisotropy and mean diffusivity were related to developmental changes in discount rates. We extend these findings in two important ways: (i) we are able to specify the white matter tract involved; and (ii) we provide an integrative mechanistic account that relates developmental changes in structure to changes in function and finally behavior. That is, our data suggest that there is an increase in white matter connectivity strength with age, which in turn allows for increased efficiency in the inhibitory interaction between right dlPFC and striatum, potentially underlying the observed reduction of impatience with age.
Our findings suggest several future directions for study. First, it is noteworthy that we did not find any support for the hypothesis that sensitivity to immediate rewards drives adolescents' impatience. It is possible that absence of this effect is due to the low level of affective content of the stimuli used in the study. For instance, an earlier study on motor inhibition showed that there is an adolescent dip in impulse control in an emotional go-no-go task (using emotional faces as stimuli), but not in the nonemotional version of the task (62) . In addition, they showed that the presence of emotional stimuli was accompanied by an adolescent peak in striatal activity. It has also been hypothesized that social stimuli and social context are particularly salient to adolescents (63, 64) . For instance, there is evidence that the presence of peers specifically increases rates of delay discounting in adolescent populations (65, 66) . Based on these findings, we hypothesize that it will be more likely to find a pattern of reward sensitivity that peaks in early adolescence in the context of such a social manipulation-both in terms of striatal activity and an immediacy effect in temporal discount rates. Based on our earlier reported relation between present hedonism and the ventral striatum-subcortical connectivity in adults (21), we expect that such as a social context effect will be most likely related to activity and connectivity of more ventral striatal regions. Given that adolescent risk behavior is often acted out in presence of peers (67) , the addition of social components in future research may contribute to the understanding of the real-world consequences of developmental changes in impulsivity.
Second, impulsivity is a multidimensional construct and intertemporal choice tasks have been argued to only tap into one of its dimensions-impatience (8, 9) . Our current data speak to this issue to some extent. That is, our specificity analyses suggest that the right dlPFC tract is associated with goal-oriented valuation, whereas the IFG tract is involved in inhibiting prepotent responses (based on external cues). These results further bolster our confidence that we were able to triangulate a specific neurodevelopmental mechanism underlying reductions in impatience with age. However, a recent study Steinbeis et al. (68) showed that there was a correlation between discount rates and behavior on the stop signal task within a group of children (6-13 y). In line with the interactive specialization account of neurodevelopment (69) , this suggests that there may be an age-related increase in the specificity of the different striatal tracts. Adding more tasks that tap into additional dimensions of impulsivity, and extending the age range, could further our understanding of which neural systems are involved in the development of impulsive behavior.
Finally, we would like to point out how these results may advance current theoretical models of adolescent decision making. First, these results highlight the advantage of a detailed understanding, and mapping of, striatal circuitry, as has recently been argued by Casey (32) . Mapping the circuitry highlights the important role of not only regional differences but also differences in connectivity strength (see also ref. 54 ). In addition, our results also suggest that research would benefit from greater specificity about regional differences within the striatum, rather than the oft-used division in ventral (nucleus accumbens) versus dorsal striatum (the rest). Consistent with conclusions based on decades of animal work (70, 71) , our results indicate that the striatum is organized in a ventromedial-to-dorsolateral gradient. The dorsolateral striatum predominantly connected to sensorimotor-related regions, the ventromedial part collects visceralrelated afferents, and striatal areas lying between these extremes receive higher order "associational" information. This organizational structure allows for at least a tripartite functional division and introduces a role for context-dependent modulation of the more basic inhibitory and affect-related processes. Incorporating developmental changes in context sensitivity can potentially enrich current models that are mainly focused on reward sensitivity and response inhibition (see also refs. 63 and 72). Furthermore, our emphasis on the role of the development increase in context integration is in line with some key elements of fuzzy trace theory (FTT) (73) . Rather than increased inhibition, FTT stresses the role of changes in representation/reasoning modes (gist versus verbatim) underlying developmental changes in decision making. Particularly, it posits that gist-based decision making develops with age, incorporating acquired experiences over time. Furthermore, fuzzy trace theory posits that prefrontal cortex contributes to cognitive control through better appraisal of decision options (74) . Interestingly, neuroimaging (single-photon emission computed tomography and fMRI) studies have indicated that the gist mode of representation is mainly associated with increased activation in the prefrontal areas (for overview, see ref. 75 ). Still, future research is needed to understand how our results are related to a developmental shifts in reliance on, and quality of, gist-based representations in intertemporal choice.
In conclusion, our study expands the understanding of developmental changes in impulsive behavior across adolescence. By combining measures of structural connectivity, functional connectivity, and behavior, we were able to integrate several isolated findings from developmental studies that reported either only functional or only structural changes. This multimodel approach provides important insights on how functional connectivity may mediate the relationship between developmental changes in brain structure and changes in impulsive behavior and can serve as a template for future studies of developmental psychopathology, such as ADHD.
Materials and Methods
Participants. We recruited 50 participants (26 females) between ages of 8 and 25 y (M = 16.76; SD = 4.55) from a paid participant pool maintained by the Stanford University Psychology Department. Participants were paid $20 for participating in the MRI experiment, plus earnings from the discounting task. The study was approved by the Stanford University Institutional Review Board, and all participants gave written, informed consent before completing the task.
Behavioral Measures and Self-Report. Delay-discounting task. Participants completed a total of 130 intertemporal choices in and outside the scanner (Fig. 1A) . The 60 trials outside the scanner were determined by a staircase procedure. For this, the SS reward was fixed to $10 received today. The delay period (D) for the LL reward was randomly chosen from a uniform distribution between 15 and 60 d in the future. The size of the LL reward was adjusted to converge toward the same subjective value as the SS outcome. After the participants completed 60 trials on this task, we fitted data with the hyperbolic discount function:
where A is the amount in dollars of the LL reward. The individual discount rates that resulted from this procedure were used to generate the choice set of the delay-discounting task that was presented to participants in the scanner. The SS delays in the fMRI task included 0 (today) and 14 d, and the LL delays included 14, 28, and 42 d. The different delays were equally divided over a total of 70 trials, resulting in 35 trials in which the SS was today and 35 trials in which the SS option was in the future (14 d). The SS rewards were randomly selected from a uniform distribution between $10 and $75. Following earlier studies, we determined LL reward size by adding a fixed percentage to the SS amount (0.5%, 1%, 5%, 10%, 15%, 20%, 25%, 30%, 50%, or 75%) for 48 out of the 70 trials. Next, for 22 of the 70 choices, we set the reward size of the LL exactly at the individually estimated indifference point using the estimated discount rates. These LL choices were randomly distributed over the task. Importantly, these task construction procedures led to individual choice sets that did not differ in level of choice conflict for different age groups (see below). Furthermore, using this range of choices, we were sure to include choices that were clearly in favor of the SS and the LL option. At the end of the experiment, one trial was randomly chosen from the total of set of 130 choices and paid to the participant in the form of a postdated check (this could be either a now or future choice). Model fitting and manipulation checks. For the prescanner adaptive task, the initial discount rate k was set to 0.02 and was increased or decreased when the participant chose the SS or LL option, respectively. For the first 20 rounds, the step size for changes in k was set to 0.01, and after that the step size decreased by 5% for each following step. After the participants completed 60 choices, we used the multivariate constrained minimization function (fmincon) of the optimization toolbox implemented in MATLAB for model fitting. To model trial-by-trial choices, we used a softmax function to compute the probability (P SS ) of choosing the SS option on trial t as a function of the difference in V SS and V LL :
where m is the inverse temperature and estimates response noise. This function assumed that each individual will choose the option with the highest subjective value (which in many cases could be SS choice) with highest probability. Inconsistency in choices is captured by the m parameter.
Adding the inverse temperature function as a covariate of no interest to our regression models did not change any of the reported results. Individual discount rates were determined as the value of k that maximized the likelihood of the observed choices. The same fitting procedure was used for the scanner task. The level of conflict on a trial is determined by the probability of choosing the one of the two options. Maximum choice conflict occurs when choice probability (P SS ) is 50%, and any deviation from 50% produces less conflict. Trial-by-trial conflict was computed as follows:
where C = 0.25 is the maximal conflict.
To check whether choice sets of the scanner task were comparable for different age groups, we correlated the average level of experienced conflict. First, we calculated the average level of conflict for the total choice set for each individual. This yielded two important results. First, it shows that the level of choice conflict is moderate (M = 0.12) and that there were no age differences in experienced choice conflict (r = 0.17, P = 0.22). Both are important requirements for the interpretation of developmental trends in the functional imaging data. Even if choice conflict were constant but very high (as is the case for most adaptive discounting task that quickly zoom in to the indifference point), this may result in developmental results that are specifically related to the need for maintaining high levels of cognitive control. To take into account the effect of possible outliers, all regressions with the discount rate were robust [using the robustbase package in R (76)]. The stop-signal task. We performed several analyses to test whether the reported associations between age, structural and functional connectivity were selective with respect to other impulse control measures. In particular, we investigated individual differences in the SSRT (77) . This measure of impulse control is known to show developmental increases across adolescence (78) , and with impulse control disorders, such as ADHD (79, 80) , pathological gambling (81) , and substance dependence (82) . Importantly, some investigators argue that there is common neurocognitive component that underlies SSRT, delay discounting, and other measures of impulse control (83) (84) (85) . However, others claim that these related constructs rely on different neurocognitive components (9) . Thus, to examine the specificity of the neurocognitive component related to the right dlPFC-medial striatum tract, we investigated its relation between SSRT as measured with the stop signal task.
The stop signal task is a simple shape judgment task that requires subjects to respond differently to a square (right button) and a circle (left button). The participants are asked to respond as quickly as they can when they see the stimulus on the screen. On 75% of the trials, only the visual stimulus is presented, but on the other 25% of the trials, the so-called stop trials, the visual stimulus is followed by an auditory stop signal, indicating that participants should withhold their response. This task allows for an estimate of the covert latency of the stop process-the SSRT. For this experiment, we have used the default values of the STOP-IT program, and also the in-built analyses program ANALYZE-IT (77) . Time perspective. Traditionally, developmental psychologists have argued that adolescent impulsiveness derives mainly from a lack of future orientation (1, 86, 87) . To measure time perspective, we used the ZTPI (41) because it gives a measure of both future orientation and present hedonism. Pubertal development, sex, and IQ. Finally, given that previous studies have shown that delay discounting is associated with individual differences in intelligence (48), we had participants complete the Raven Standard Progressive Matrices (88) to acquire an estimate of their visual-spatial IQ. First, we established that there was no relationship between age and IQ (r = 0.16, P = 0.72). Second, we found that there were also no correlations between IQ and log k (r = 23, P = 0.46).
Finally, it has been hypothesized that adolescent changes in rewardrelated behavior are caused by the impact of pubertal changes [e.g., hormones (63, 89) ]. We collected data on pubertal status on a subset of our participants, but these did not reveal any significant relations to task behavior or neural measures (see SI Materials and Methods for more details). These results are in line with a recent study by de Water et al. (49) , showing that self-reported pubertal stages were not related to temporal discounting in a large adolescent sample.
MR Data Acquisition and Preprocessing. MRI data. Before participants went into the scanner, they were extensively trained in an on-site mock scanner using the MoTrak (PST, Inc.) head motion tracking system in combination with the Flock of Birds technology. MR data were collected on a 3-T GE Discovery MR750 scanner located at Stanford Center for Cognitive and Neurobiological Imaging. High-resolution T1-weighted images were first acquired [0.47 × 0.47 × 0.9 mm; repetition time (TR), 8.67 ms; echo time (TE), 3.47 ms; flip angle, 12°]. Diffusion-weighted imaging data. Diffusion-weighted imaging (DWI) was performed at a resolution of 0.85 × 0.85 × 2 mm, with three repeats of the b0 (no diffusion weighting image) and two repeats of each of 30 gradient directions at b1000 (TR, 9 s; TE, 89 ms). The FMRIB Diffusion Toolbox (FDT) (www.fmrib.ox.ac.uk/fsl/fdt) was used to correct the DTI data for head movement and eddy currents, tensor model fitting, and generating fractional anisotropy (FA) maps. Data from the two acquisitions of each diffusion direction were averaged to improve the signal-to-noise ratio. fMRI data. Whole-brain BOLD weighted echo-planar images (TR, 2000 ms; TE, 30 ms; flip angle, 77°; 44 total slices with 2-mm slice gap; 64 × 64 matrix) were then acquired ∼30°off the anterior commissure-posterior commissure plane to maximize signal in the ventral prefrontal cortex and ventral striatum. fMRI data were analyzed using SPM8 (www.fil.ion.ucl.ac.uk/spm/). The first five volumes were not analyzed to accommodate T1 equilibration. Given the known problems of motion for connectivity analyses (90), we used ArtRepair software to correct for excessive movement (91) . We have used the default values of ArtRepair to detect motion (threshold for movement at 0.5 mm/TR), and a rejection threshold when total of motion volumes would be larger than 5% of the total recorded volumes. Images were realigned in ArtRepair to correct for movement, smoothed with a 4-mm FWHM Gaussian kernel and motion adjusted. Deviant volumes resulting from sharp movement or spikes in the global signal were then interpolated using the two adjacent scans. No more than eight (median, 0; mean, 1.1) of the volumes were interpolated within any subject. There was no correlation between age and number of interpolated volumes (r = 0.02, P = 0.89; Fig. S3 ) We then applied slice-timing correction to all images. Next, motion correction to the first functional scan was performed using a six-parameter rigid-body transformation. The motioncorrected images was coregistered to each individual's structural MRI using a 12-parameter affine transformation. Images were then resampled into 3 × 3 × 3-mm voxels and spatially normalized to the MNI template by applying a 12-parameter affine transformation. Images were finally smoothed with a 4-mm isotropic Gaussian kernel and adjusted for global signal variation using a voxel-level linear model of the global signal.
Structural Connectivity Analyses.
Tractography. All diffusion image preprocessing and analyses were conducted using a combination of FSL tools and NiPy code (nipy.sourceforge.net/nipype/). The output of the FSL eddy correction was used to check for excessive head motion. None of the participants had to be rejected (threshold for movement was 1 voxel/TR). Tractography was performed in the subjects' native anatomical space, and the results were output in MNI space by providing transformation parameters estimated via a two-step procedure. First, the FA image was registered to each subject's high-resolution T1-weighted image with 6 df and a mutual information cost function. Next, the T1-weighted image was registered to the 1 × 1 × 1-mm MNI template using a nonlinear warping algorithm. The transformation parameters obtained from these two steps were concatenated to yield the mapping from the DWI to MNI space. The FDT toolbox was used to perform probabilistic tractography with a partial volume model (42) allowing for up to two fiber directions in each voxel. Dual-fiber models account for crossing fibers and thus yield more reliable results compared with single-fiber models. Five thousand sample tracts were generated from each voxel in the seed mask (striatum). Visual inspection ensured that tractography maps were successful and acceptable for further analysis. Tractography was performed separately for the left and right striatum, and possible tracts were restricted to the hemisphere of origin using an exclusion mask of the contralateral hemisphere. Seed-based classification. Five thousand sample tracts were generated from each voxel in the seed mask (striatum). The striatal seed masks were based on combined striatal volumes of the subcortical segmentation implemented in freesurfer (surfer.nmr.mgh.harvard.edu/). Visual inspection ensured that tractography maps were successful and acceptable for further analysis. Tractography was performed separately for the left and right striatum, and possible tracts were restricted to the hemisphere of origin using an exclusion mask of the contralateral hemisphere. Seed-based classification was done by first thresholding the images such that only voxels with at least 10 samples were kept (21, 45, 92) . Following standard procedures, voxel values were converted into proportions, such that the value at each voxel becomes the number of tracts reaching the target mask for that voxel, divided by the number of tracts that reach any of the 10 a priori target masks based on single or a combination of the standard automated anatomical labeling (AAL) maps [AAL map numbers within parentheses (21, 45) ]: mOFC (28, 6, 26) , vlPFC (10, 16) , IFG (triangular partIFG: 14), dlPFC (4, 8) , PCC (68), ACC (32), dACC (34) , hippocampus (38) , amygdala (42) , and SMA (20) . The striatum mask was based on the combined striatal volumes produced by the freesurfer subcortical segmentation algorithm. These AAL numbers all correspond to the left hemisphere; subtract 1 for right hemisphere values. This analyses resulted in 10 value maps, one for each target region, per participant. Finally, the striatum was segmented by assigning each voxel to the region with which it had the highest connection probability (Fig. 2B and Fig.  S1 ) using FSL utilities (42) . DICE coefficients. To arithmetically assess the intersubject spatial consistency of the striatal segments, we calculated the DICE coefficient, which measures the volume overlap of striatal subdivisions across subjects. The DICE coefficient was estimated across subjects as the average overlap between a subject's striatal segment with striatal segments from each other subjects to assess if the method and underlying connections were reproducible across subjects (individual subjects' scans were nonlinearly registered to the MNI template). The DICE coefficient was calculated as follows:
jROI 1 ∩ ROI 2 j jROI 1 j + jROI 2 j . 100%, [4] where ∩ is the intersection of the ROI volumes and ranges from 0 to 1. Thus, the DICE coefficient ranges from 0%, for ROIs with no overlap up to 100% for identical ROIs.
Tract strength. To test whether individual differences in delay discounting were related to the strength of white matter fiber tracts, we calculated the mean value of the tract probability within each individually determined striatal segment. The resulting tract strength measure was correlated across subjects with log(k) using Spearman's rank-order correlation (tract strength values are nonnormally distributed, so nonparametric correlations are most appropriate) with total intracranial volume and segment size as covariates (21) .
Functional Analyses.
General Linear Model. The fMRI time series data were modeled by a series of events convolved with a canonical hemodynamic response function (HRF) with additional time and dispersion derivatives to account for potential developmental related differences in the HRF. We set up a general linear model with a regressor that was 1 for choices in which subjects indicated a preference for the LL reward and 0 when the SS reward was chosen, which was modeled as a fixed event of 6-s duration. We used individual modelbased parameters estimates of discount rate (k) to generate trial-by-trial measures of (i) total subjective value of the chosen option (V choice ) and (ii) a conflict regressor based on the probability of choice ("decision conflict"). These two measures were entered as covariates of no interest. The model also included session constants and motion parameters as regressors of no interest. First, we determined the areas that were involved in choosing LL over SS (and vice versa, few-corrected P < 0.05). ROI analyses. We used the Marsbar toolbox to extract the parameter estimates from first-level single-subject contrasts using the functionally determined striatal ROIs based on the LL-SS contrast. Next, we divided the group in two by a median split on age; next, we ran ANOVA with choice type as withinsubjects factor and age group as between-subjects factor. PPI analyses. To perform PPI analyses, we extracted the mean BOLD time series from the voxels within a 6-mm radius sphere surrounding the activation peaks that fell within the right dlPFC and right VLPFC mask that were used for segmentation. As before, these spheres were combined with individual gray matter masks to ensure analyses did not include signals from nonbrain or white matter voxels. Variance associated with the six motion regressors was removed from the extracted time series. The time courses were then deconvolved based on the model for the canonical hemodynamic response to construct a time series of neural activity following the procedures outlined in ref. 93 . Finally, we used the Marsbar toolbox to extract mean PPI coefficients from first-level single-subject contrasts using the striatal segments that corresponded with the target area used for the PPI analyses (rDLPFC and rVLPFC).
